The gallbladder is the hepatobiliary organ for storing and secreting bile fluid, and is a synapomorphy of extant vertebrates. However, this organ has been frequently lost in several lineages of birds and mammals, including rodents. Although it is known as the traditional problem, the differences in development between animals with and without gallbladders are not well understood. To address this research gap, we compared the anatomy and development of the hepatobiliary systems in mice (gallbladder is present) and rats (gallbladder is absent). Anatomically, almost all parts of the hepatobiliary system of rats are topographically the same as those of mice, but rats have lost the gallbladder and cystic duct completely. During morphogenesis, the gallbladdercystic duct domain (Gb-Cd domain) and its primordium, the biliary bud, do not develop in the rat. In the early stages, SOX17, a master regulator of gallbladder formation, is positive in the murine biliary bud epithelium, as seen in other vertebrates with a gallbladder, but there is no SOX17-positive domain in the rat hepatobiliary primordia. These findings suggest that the evolutionary loss of the Gb-Cd domain should be translated simply as the absence of a biliary bud at an early stage, which may correlate with alterations in regulatory genes, such as Sox17, in the rat. A SOX17-positive biliary bud is clearly definable as a developmental module that may be involved in the frequent loss of gallbladder in mammals.
Introduction
Evolutionary character loss is the most dramatic change among the regressive evolutionary processes, involving the complete loss of a physical entity, such as the loss of eyes in the cavefish or the forelimbs in snakes (Jeffery, 2005; Kvon et al. 2016; Leal & Cohn, 2016 ; reviewed by Fong et al., 1995; Cronk, 2009 ). The gallbladder is a bladder-shaped organ of the hepatobiliary system, and is a well-known example of evolutionary loss in vertebrates, because this organ is convergently absent in various lineages only in birds and placental mammals, although it is present among other extant vertebrate lineages (for review, see Siwe, 1937; Gorham & Ivy, 1938; Oldham-Ott & Gilloteaux, 1997) . To date, there is still no convincing explanation for the mechanism of the evolutionary loss of the gallbladder. One reason for this research gap is the lack of phenomenological data in comparative anatomy and development, probably due to difficulties in dissecting the whole hepatobiliary system and conducting interspecies comparisons.
In mammals, gallbladder loss has occurred frequently in Rodentia, whereas it is present in all outgroups in Euarchontoglires (i.e. Lagomorpha, Scandentia, Dermoptera and Primates; Figs 1A, S1; Gorham & Ivy, 1938; Oldham-Ott & Gilloteaux, 1997) . These losses are thought not to be correlated with ecological factors, such as disparities in diets (Schmidt & Ivy, 1937) or bile acid transitions (Haslewood, 1967; Hagey et al. 2010; Hofmann et al. 2010) , and likely rely heavily on some intrinsic factor(s), such as changes in the developmental process, although this remains unknown. Differences in the presence/absence of a gallbladder even appear between mice (Mus musculus) and rats (Rattus norvegicus): a well-constructed gallbladder is present in mice but is completely absent in rats (Mann et al. 1920; Higgins, 1926; Thomson, 1940; Greene, 1959; Martins & Neuhaus, 2007) . These two animals are phylogenetically very close, and most of their anatomical features are quite similar to each other, so a comparative study of these two animals should provide some hints to clarify the evolutionary loss of the gallbladder.
Anatomically, the biliary tract can be divided into two parts: the intrahepatic and extrahepatic bile duct. The former is a small network in liver tissue, which is derived from hepatoblasts; and the latter can be subdivided into several identifiable parts (e.g. gallbladder, cystic duct, common hepatic duct, common bile duct) that arise directly from the hepatic diverticulum, a morphologically definable epithelial diverticulum derived from the ventral wall of the caudal foregut in the pharyngula embryo (Fig. 1B,C; Maurer, 1906; Patten, 1927; Elias, 1955; Uemura et al. 2015) . In many vertebrates, an obvious biliary bud that exclusively expresses Sox17 is found in the hepatic diverticulum (Zorn & Mason, 2001; Uemura et al. 2010 Uemura et al. , 2013 . It is generally thought that the biliary bud gives rise to many parts of the extrahepatic duct, including the gallbladder, although the sequential developmental process remains unclear even in mice and rats.
In the present study, we compared the anatomy and development of the hepatobiliary system in mice and rats and explored evolutionary mechanisms in the loss of the gallbladder.
Materials and methods

Animals and gross anatomical preparation
All animal experiments were performed in accordance with the Guidelines for Animal Use and Experimentation established by the University of Tokyo. The procedures were approved by the Institutional Animal Care and Use Committee of the Graduate School of Agricultural and Life Sciences at the University of Tokyo (approval ID: P13-763, P15-050).
For gross anatomy, we used 8-week-old adult mice (M. musculus) of the C57BL/6 NCr strain and 8-week-old adult rats (R. norvegicus) of the Sprague-Dawley strain. We used more than four animals in each experiment. For anaesthesia, we used intraperitoneal injections of pentobarbital sodium (50 mg kg À1 , i.p. Somnopentyl, Kyoritsu Shoji). The biliary tract and blood vessels were visualised by the injection of latex, as described by Higashiyama et al. (2016) , and made transparent with CUBIC solution (Susaki & Ueda, 2016) . For embryology, we collected mice and rat embryos and fixed them in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PFA/PBS) after removing extra-embryonic membranes.
Histology and immunohistochemistry
Samples were fixed in modified 4% PFA/PBS, dehydrated and embedded in paraffin wax. Sections were cut at 6 lm for most samples, and 4 lm for 9.5 dpc mice and 11.5 dpc rats. For immunohistochemistry (IHC) staining, goat anti-SOX17 (1/100 dilution; R&D Systems), mouse anti-PDX1 (1/400 dilution; Abcam), anti-HNF4a (1/ 400 dilution; Upstate), anti-acetylated tubulin (1/100 dilution; Sigma) and anti-SMA (1/400 dilution; a-smooth muscle actin; Sigma) antibodies were used. The immunoreaction was visualised by secondary antibodies conjugated with horseradish peroxidase, alkaline phosphatase or fluorescent labels. The sections were stained with Fig. 1 Diversity in the presence/absence of a gallbladder in rodents, and the definition of the mammalian hepatobiliary primordia. (A) Gallbladder evolution in rodents. The phylogenetic framework is based on Fabre et al. (2012) , and the topology of the tree was arranged in Mesquite (Maddison & Maddison, 2011) . The presence of a gallbladder is from Gorham & Ivy (1938) and Nzalak et al. (2010) . The red dots indicate species that do not have gallbladders. The silhouette images are from PhyloPic (http://phylopic.org/). For more details, see Fig. S1 . (B) Scheme of the left lateral view of the sagittal section of a pig embryo at the pharyngula stage. The hepatobiliary primordia arises from the foregut at the level of the septum transversum, caudal to the heart. (C) The hepatobiliary primordia in a pig embryo. The meshed domain is identified as the 'hepatic diverticulum' (sensu Patten, 1927) . The diverticulum differentiates into the primordial liver, and biliary and ventral pancreatic buds. Of these, the biliary bud provides most of the extrahepatic biliary tract. The figures in (B) and (C) are redrawn from Patten (1927) . bil, biliary bud; dpb, dorsal pancreatic bud; gc, glandular cord; hepdiv, hepatic diverticulum; lung, lung bud; st, stomach; vpb, ventral pancreatic bud. [Correction added on 24 October 2017, after first online publication: the abbreviations cited on this figure was added on figure caption] Alcian blue, then with haematoxylin and eosin, according to standard protocols. We used four samples for each experiment.
Reconstruction
The embryos were reconstructed graphically from serial sections. Light microscopic images of sectioned embryos were fed into a computer using an Olympus fluorescent microscope (BX51N-34-FL2 ). The series of photos of sections were aligned, and then structures were marked using Photoshop CS5 (Adobe). Next, we conducted hand drawings of the topographical relationships of the structures after observing the sections using the microscope. These traced pictures were fed into the computer via an image scanner and then coloured using Photoshop CS5. We also created threedimensional images using the ImageJ software (1.48V; National Institutes of Health, USA). We reconstructed three samples for each stage briefly, and checked that they all have the same topographical relationships.
Terminology
For nomenclature, we used the descriptions of murine gross anatomy by Higashiyama et al. (2016) for adults, and also referred to Patten (1927) and Hoshino (1960) for the embryos. We use the terms 'hepatic diverticulum' (sensu Patten, 1927) to describe the diverticulum in the ventral wall of the caudal foregut that gives rise to most of the hepatobiliary primordia (except the dorsal pancreatic bud) and 'biliary bud' to describe the obvious primordium that is suspected to give rise to the distal part of the extrahepatic biliary tract (Fig. 1B,C) .
Results
Gross anatomy of the extrahepatic biliary tract and blood vessels First, we describe the gross anatomy of the whole hepatobiliary system in mice and rats. In mice, the liver has five lobes: left and right medial lobes, left and right lateral lobes, and the caudate lobe. The gallbladder is located between the left and right medial lobes, and the extrahepatic biliary tract runs on the caudal surface of the liver and opens to the duodenum ( Fig. 2A,A 0 ). The branching pattern of the biliary tract is largely correlated with the portal vein and the arteries also follow the branching patterns. The pancreatic duct branches off from the point that is far distal from the duodenum, so there is a long hepatopancreatic duct. The topographical relationships of the biliary system in the mouse are the same as those in humans and many other placental mammals (Fig. 2C ).
In rats, the liver has five lobes, as seen in mice. The extrahepatic biliary tract runs on the caudal part of the liver and opens into the duodenum, whereas the gallbladder is completely absent, with no vestige (Fig. 2B,B 0 ). In mice, the cystic duct and common hepatic duct branch off at the same level of the bifurcation of the portal veins, the branches of which enter the medial lobes and left lateral lobe of the liver (Fig. 2C ). The cystic duct detaches from the liver from this point (arrowhead in Fig. 2C ), and then continues to the gallbladder. However, in rats, the cystic duct does not arise from the level of the bifurcated point of the portal vein, and the distal part of the biliary tract enters the liver lobes, as seen in the common hepatic duct in mice (Fig. 2D) . Thus, not only the gallbladder but also the cystic duct is completely absent in rats. Except for this absence of the gallbladder-cystic duct domain (the Gb-Cd domain; coloured dark green in Fig. 2C ), the anatomy of the hepatobiliary system of rats is similar to that of mice: the biliary tract runs along the portal vein, the arterial system is produced from the hepatic artery, and the pancreatic duct branches far from the duodenal wall, so rats have long hepatopancreatic ducts, as do mice (Fig. 2C,D) .
Developmental process of the extrahepatic biliary system in mice and rats
To clarify the developmental sequences of the whole biliary system in mice, histological sections were prepared and reconstruction analyses were conducted (Figs 3and4). At 10.5 dpc, the biliary and pancreatic buds had grown in the caudal foregut, and the primordial liver was obvious ( Fig. 3A -A 00 ). The umbilical vein supplied the primordial liver and passed through the left lateral side of the biliary bud. At the level of the proximal limit of the biliary bud, a small glandular cord had branched and entered into the primordial liver (Fig. 3A) . At 11.5 dpc, the umbilical and vitelline veins were clearly formed (Fig. 3B ). The biliary bud extended beside the umbilical vein and formed the extrahepatic biliary tract. The tract started from the duodenum and extended cranially, and made a 90°turn at the same position as the curve of the umbilical vein, just caudal to the liver. Distal to the curve, the biliary bud had extended ventrally to form the primordial gallbladder in the mesenchymal tissue caudal and adjacent to the liver. The common hepatic duct, the derivative of the glandular cord, was clearly apparent at the point of the 90°curve of the tract ( Fig. 3B 0 ,B 00 ). Thus, the Gb-Cd domain could be identified clearly as the distal part from the branching point of the common hepatic duct (arrowheads in Fig. 3 ) at this stage morphologically. The dorsal and ventral pancreatic buds fused into the single primordial pancreas (Fig. 3B ). At 13.5 dpc, the posterior vena cava disappeared and the vena umbilicalis began to degenerate. The biliary tract proceeded to extend through the portal vein (Fig. 3C ). At 15.5 dpc, the distal portion of the vena umbilicalis and vena vitelline became very thin and they largely lost the connection with the umbilical cord. The distal portion of the Gb-Cd domain became bladder-shaped (Fig. 4D  0 ) , and the gallbladder was differentiated in the domain (Fig. 3D ). The arteria cystica was formed beside the gallbladder and cystic duct (Fig. S2) . In 12.5 dpc rats, comparable with 10.5 dpc mice, the extrahepatic bile duct was observed on the right of the portal vein, which connected the primordial liver and the caudal foregut, whereas the biliary bud was not found morphologically (Fig. 3E,E 0 ). In 13.5 dpc rats, the morphology of the blood vessels and digestive tract was very similar to that of 11.5 dpc mice (Fig. 3B,F) , and the extrahepatic biliary tract had obviously formed, whereas the Gb-Cd domain was completely absent (Fig. 3F,F  00 ). Considering the topographical relationship with the blood vessels, the distal part of the biliary tract that enters the liver is obviously a structure homologous to the common hepatic duct in mice. Thus, the homologous position of the proximal end of the . The gallbladder and cystic duct are coloured in dark green, the hepatopancreatic duct is light green, and the other bile ducts are middle green. The arrowhead indicates the branching point of the cystic duct and the common hepatic duct. The grey arrows indicate the directions of the portal veins that supply the liver lobes. a.cy, arteria cystica; a.gd, arteria gastroduodenalis; a.gsac, arteria gastrica sinistra accessoria; a.he, arteria hepatica communis; a.hed, arteria hepatica dextra; a.hep, arteria hepatica propria; a.hes, arteria hepatica sinistra; cbd, common bile duct; cd, cystic duct; chd, common hepatic duct; CP, caudate process of the caudate lobe; diaph, diaphragm; duo, duodenum; dup, duodenal papilla; eso, oesophagus; gb, gallbladder; hd, hepatic duct; hpd, hepatopancreatic duct; LLL, left lateral lobe; LML, left medial lobe; pc, pancreas; pd, pancreatic duct; PP, papillary process of the caudate lobe; RLL, right lateral lobe; RML, right medial lobe; st, stomach; verte, vertebrae. Scale bar: 1 cm.
[Correction added on 24 October 2017, after first online publication: the abbreviations cited on this figure was added on figure caption]
Gb-Cd domain was identified in rats (arrowheads), although there was no sign of the domain. The Gb-Cd domain had formed in the mesenchymal tissue, caudal to the liver in mice (Figs 3B-B 00 and 4A-D 0 ); however, this mesenchymal region did not appear in rats (Figs 3F-F 00 and 4E-G 0 ). At 15.5 dpc in rats, the major part of the extrahepatic biliary tract was formed. The distal part of the duct formed many branches, as though making a plexus around the portal vein. The Gb-Cd domain did not appear at any point throughout development (Fig. 3G ).
Early molecular patterning of the biliary bud in mice and rats
To clarify the patterning of the primordial biliary bud in early-stage embryos, we conducted IHC to detect HNF4a, SOX17 and PDX1, which are known generally as molecules specific for the hepatic primordia, biliary and pancreatic bud, respectively (Zorn & Mason, 2001; Uemura et al. 2010) . We prepared 9.5 dpc mouse and 11.5 dpc rat embryos; the morphologies of the pharyngeal arches and heart were similar to each other (Fig. 5A,I ). Obvious hepatic diverticula were found in these embryos, just caudal to the ductus cuvieri and at the level of the septum transversum (Fig. 5B,  J) . In mice, the primordial liver, biliary bud and ventral pancreatic bud appeared obviously on the ventral side of the caudal foregut, and the dorsal pancreatic bud was in the dorsal side of the foregut (Fig. 5B) . As is known, HNF4a and PDX1 were positive in the liver primordium and epithelia of the pancreatic bud, respectively (Figs 5D-F and 6). A SOX17-positive domain was found in the biliary bud epithelium (Figs 5E and 6) . In rats, histologically, the separation of the buds was unclear in comparison with that in mice (Fig. 5K) . The HNF4a signal was positive in the primordial liver and the cranial half of the hepatic diverticulum ( Figs 5L and 6 ). However, SOX17 was negative in the hepatic diverticulum in rats, whereas it was positive in the endoderm of blood vessels and primordial thyroid (Figs 5M and S3) . PDX1 was positive in a comparable domain with mouse embryos: the dorsal and ventral pancreatic buds (Fig. 5N) . At later stages, SOX17 was strongly positive in the distal portion of the biliary bud, which corresponds with the future Gb-Cd domain in mouse embryos (Fig. 5G,H) , while it was negative in any hepatobiliary structure in rat embryos during development ( Fig. 5O,P) .
Discussion
In the present study, we compared the anatomy and development of the hepatobiliary system between mice and rats. Anatomically, the Gb-Cd domain was completely absent in rats, while the topographical relationships between other hepatobiliary domains were quite similar in the two animals. The Gb-Cd domain did not appear at any stage in development in rats, and this was because of the lack of a biliary bud in early embryos. This absence appears to be correlated with the loss of Sox17 expression in the hepatic diverticulum, which plays a role in the differentiation of the gallbladder in mice and other vertebrates that have complete gallbladders (see below).
Gb-Cd domain may be lost with no correlation with remodelling of any other extrahepatic biliary structure
In this study, we confirmed that the topographical relationship of the hepatobiliary system in rats is quite similar to the typical pattern in mice, with the exception of the Gb-Cd domain. Because the topographical relationship of the biliary system in mouse represents a synapomorphy in mammals Fig. 3 . The sections were subjected to immunohistochemical (IHC) staining for acetylated tubulin to visualise the peripheral nerves. The biliary tract is innervated by the intestinal part of the vagus, but the nerve supplies had not been formed at the developmental stages examined in the present study. a.mes, arteria mesenterica cranialis; bil, biliary bud; cbd, common bile duct; cd, cystic duct; dpb, dorsal pancreatic bud; duo, duodenum; eso, oesophagus; gb, gallbladder; int, intestine; lda, left dorsal aorta; liv, liver or liver primordium; lung, lung bud; mand, mandibular process; pc, pancreas; v.po, vena portae; v.umb, vena umbilcailis; v.vit, vena vitelline. Scale bar: 500 lm. [Correction added on 24 October 2017, after first online publication: the abbreviations cited on this figure was added on figure caption] (Higashiyama et al. 2016) , the pattern in rats should be translated as a simple loss in the local Gb-Cd domain, with no correlation with dynamic remodelling of the remaining extrahepatic hepatobiliary system from the ancestral condition in mammals. This is consistent with previous suggestions from the anatomical descriptions of other mammalian species, such as the horse, deer and camel: specifically, the presence or absence of a gallbladder is not correlated with either qualitative (e.g. branching pattern) or quantitative traits (e.g. length or diameter) of the biliary tract (Ellenberger & Baum, 1903; Mann et al. 1920; Stevenson, 1921; Thomson, 1940) . According to descriptions of the embryonic hepatobiliary primordial morphology in various mammals, the developmental pattern of the biliary tract in mice should be conserved among the mammals with gallbladders, even in echidna, whereas the budding position of the ventral pancreatic bud varies slightly (Keibel, 1904; Elias, 1955; Godlewski et al. 1997) . Also, the molecular background of the primordial hepatobiliary system seems to be shared among vertebrates including non-mammalian groups (see below). Thus, the developmental mechanisms of the hepatobiliary system may be conserved at least among mammals. The present study found that the hepatobiliary development of the rat is quite similar to that of the mouse with the exception of the Gb-Cd domain. This result is consistent with a previous report comparing human and rat embryos (Godlewski et al. 1997 ). The developmental process of a mammal that does not have a gallbladder has been rarely reported, except the rat (Higgins, 1926) . Thus, whether the rat pattern is shared among other mammals without gallbladders or not remains unclear. But, according to the adult anatomy, the topographical relationship of the major part of the extrahepatic biliary tract is largely conserved in rats and several other mammals without The mouse embryo at 9.5 dpc. The scheme of the hepatobiliary primordia is shown in (B). 'hepdiv' in (B) indicates the presumptive domain that corresponds to the hepatic diverticulum of the 11.5 dpc rat in (J). (C-F) Histological sections of the same 9.5-dpc embryo with immunohistochemical (IHC) staining for aSMA, HNF4a, SOX17 and PDX1. (G,H) Sections of 10.5-and 11.5-dpc mice stained for SOX17. The SOX17-positive domain is localised in the distal portion of the biliary bud. (I) A rat embryo at 11.5 dpc. The scheme of the hepatobiliary primordia is shown in (J). (K-N) Sections of the same 11.5-dpc embryo with IHC staining in the same manner as the mouse. (M,N) Sections of 12.5-and 13.5-dpc rats stained for SOX17. The black dotted line in the highermagnification panels indicates the extrahepatic biliary tract. bil, biliary bud; dc, ductus cuvieri; dpb, dorsal pancreatic bud; duo, duodenum; gc, glandular cord; hepdiv, hepatic diverticulum; liv, liver or liver primordium; vpb, ventral pancreatic bud. Scale bars: 200 lm. [Correction added on 24 October 2017, after first online publication: the abbreviations cited on this figure was added on figure caption].
gallbladders (Ellenberger & Baum, 1903; Mann et al. 1920; Stevenson, 1921; Schmaltz, 1927; Thomson, 1940) . Thus, despite the presence or absence of the Gb-Cd domain, the morphology of a large part of the extrahepatic biliary tract and its development is normally conserved, at least among mammals. Considering this, the evolutionary loss of the gallbladder may be caused by the same mechanism in mammals.
The pattern of the biliary system in rats is similar to some case reports of human patients describing the congenital absence of the gallbladder and cystic duct (Gerwig et al. 1961; Richards, 1966) . Thus, the rat might be a suitable model for these patients. However, the branching point of the pancreatic duct in mice and rats is distal from the duodenal wall, and thus rats have long hepatopancreatic ducts, as reported previously (Higgins, 1926; Thomson, 1940; Kararli, 1995) . This trait differs from humans; the human pancreatic duct usually opens to the bile duct in the duodenal wall, so the physiological state of mice and rats may differ from that of humans. In most rodents, the pancreatic duct forms an anastomosis with the biliary tract, as the same pattern in humans (Schwegler & Boyden, 1937; Breazile & Brown, 1976) . Thus, the long hepatopancreatic duct may be a synapomorphy of mice and rats, or perhaps of Murinae.
A SOX17-positive biliary bud is completely lost in rats
The major molecular background of the hepatobiliary primordia is thought to be conserved among vertebrates. For example, Pdx1 expression in the embryonic pancreas is found not only in mice, but also in Xenopus (Pearl et al. 2009 ) and zebrafish (Biemar et al. 2001) . Sox17 is expressed in the biliary bud in mice (Matsui et al. 2006; Spence et al. 2009 ), Xenopus (Zorn & Mason, 2001 ) and zebrafish (Shin et al. 2012) . A complete gallbladder even exists in cyclostomes (Youson, 1993) , and Sox17/18, the gene orthologous to Sox17, is expressed in the visceral endoderm in lamprey, and it is thought to play a role in the patterning of the visceral organs (Takeuchi et al. 2009 ). At least in mice, Sox17 insufficiency causes an immature gallbladder, resulting in a congenital biliary atresia-like syndrome (Uemura et al. 2010 (Uemura et al. , 2013 , and its conditional knockout can result in complete loss of the gallbladder (Spence et al. 2009; Higashiyama Fig. 6 Patterns of molecular markers that are common in the hepatobiliary primordia. Transverse sections were made at the levels shown in the scheme. The SOX17-positive domain was clearly localised in the distal portion of the biliary bud in the mouse, but there was no equivalent signal in the rat embryo. HNF4a (liver tissue) and PDX1 were positive in the liver and pancreatic primordia in both animals. bil, biliary bud; hepdiv, hepatic diverticulum; vpb, ventral pancreatic bud. cale bars: 200 lm. [Correction added on 24 October 2017, after first online publication: the abbreviations cited on this figure was added on figure caption] et al. 2017). Thus, Sox17 is known to be a key gene for the formation of the gallbladder. In the present study, we found that SOX17 was negative in the hepatic diverticulum in rats. Phylogenetically, it should be a derived trait in the rat lineage, which may be synchronised with the loss of the Gb-Cd domain (Fig. 7) . In contrast, the other hepatobiliary domains of rats were formed quite similarly to those in mice. This finding suggests that a large part of the extrahepatic duct is derived from the surrounding region of the biliary bud, which is not under Sox17 regulation.
It remains unclear whether the loss of Sox17 in the hepatic diverticulum in rats is caused by a mutation in Sox17 itself or by the changes in regulation further upstream. In mice, the normal differentiation of the Sox17-positive biliary bud has been suggested to be induced by signals such as Fgf10, which is expressed in the adjacent mesenchyme of the septum transversum (Saito et al. 2013) . Because the sizes of the mesenchymal domain caudal and adjacent to the liver are very different between mouse and rat embryos, the loss of Gb-Cd domain in the rat may be caused by the lack of its surrounding mesenchyme that induces the expression of Sox17. This is consistent with recent studies with interspecific chimerism, with the injection of rat pluripotent stem cells (PSCs) into a murine blastocyst, or murine PSCs into a rat blastocyst. In the former case, the gallbladder never develops in the host (i.e. rat), whereas in the latter case, the gallbladder developed and the rat cells contributed its epithelium (Kobayashi et al. 2010; Wu et al. 2017) . These results may support the idea that the arising of the biliary bud is firstly induced by signals from the neighbouring mesenchyme.
The lack of Sox17 expression in the hepatic diverticulum might be relevant with the development of the peribiliary glands (PBGs), the tubulo-alveolar glands found within the biliary tract walls in the rats. Recent studies have revealed that the multipotent stem/progenitor cells exist in the PBGs, and they expressed Sox17 in human and mouse (Cardinale et al. 2011; Carpino et al. 2012 ). On the other hand, the gene expression of the PBGs in rats remains unclear, while the obvious PBGs are found among the biliary wall in the rats (Berthoud et al. 1992) . Considering the development of the biliary tract of rats is free from the Sox17 regulation, Sox17 might not be expressed in the PBGs. Further studies are required to determine whether Sox17 is activated or not in PBGs in rats.
Modularity and evolutionary loss of the gallbladder
In mice, the Gb-Cd domain is derived from the biliary bud, but the primordium is completely absent in rats. Thus, the evolutionary loss of the gallbladder occurs in a different context than secondary degeneration during development, such as eye loss in the cavefish (Jeffery, 2005) , but it should be comparable with the loss of all morphological traces, including the primordia, such as the pelvic apparatus in sticklebacks (Chan et al. 2010 ) and the limb bud in snakes (Kvon et al. 2016; Leal & Cohn, 2016) .
Similar to the famous example such as the limb bud, the biliary bud should be considered as a developmental module at the organ level, which is the developmentally wellintegrated unit that can develop semi-autonomously from another body part of the embryo (Raff, 1996; Schlosser & Wagner, 2004) . This is supported by the following evidence: (i) the biliary bud is derived in the same position in the ventral caudal foregut at the level of the septum transversum and can be identified as a homologous structure in terms of comparative anatomy among many vertebrates (Elias, 1955) ; (ii) Sox17 and its downstream genes are expressed specifically in the biliary bud, and its conditional deletion can delete the gallbladder and cystic duct (Higashiyama et al. 2017) ; and (iii) the isolated biliary bud can be cultured from the embryonic stage to a gallbladder with well- Fig. 7 Evolutionary scenario of gallbladder loss in the rat. The schemes for zebrafish and Xenopus are drawn after Shin et al. (2012) and Zorn & Mason (2001) , respectively. An obvious hepatic diverticulum is found in the ventral foregut in the rat, as seen in many other vertebrates. However, the SOX17-positive biliary bud is completely lost in rats, while Sox17 is expressed in other animals that have gallbladders. bil, biliary bud; cd, cystic duct; chd, common hepatic duct; dpb, dorsal pancreatic bud; duo, duodenum; gb, gallbladder; pc, pancreas; vpb, ventral pancreatic bud. [Correction added on 24 October 2017, after first online publication: the abbreviations cited on this figure was added on figure  caption] constructed smooth muscle layer without any exogenous signalling from other body parts in vitro (Uemura et al. 2013; Higashiyama et al. 2017) .
The variation in hepatobiliary anatomy may indicate modularity in the Gb-Cd domain or the biliary bud. As described above, the presence or absence of a gallbladder does not correlate with the remodelling of the remaining parts of the extrahepatic biliary tract. On the other hand, the branching pattern of the tract is also changed markedly in some animals that have complete gallbladders, such as the network-like tract in the chinchilla (Nowak et al. 2015) . The length of the structures in the biliary system and the branching pattern of the small arteries also vary, even in the same species (Higashiyama et al. 2016) . Thus, the evolutionary changes in the Gb-Cd domain and other biliary tract structures may have occurred quasi-independently, and the evolutionary loss of gallbladder may have occurred without remodelling of the rest of the hepatobiliary system in mammals.
The modularity of the Gb-Cd domain or the biliary bud may act as a module of evolution. Phylogenetically, the GbCd domain has been lost repeatedly without being obviously associated with the modification of other body parts in rodents (Figs 1a and S1 ). This evolutionary trend appears to follow a pattern of dissociated co-evolution: the frequent loss of a module without affecting the context (Schlosser, 2004) .
In conclusion, the Gb-Cd domain or the biliary bud is a developmental module that develops semi-autonomously from other body parts. Moreover, as seen in the gallbladder agenesis in human patients or in other mammals that normally have a gallbladder, the complete absence of the domain may not be lethal in mammals while it sometimes induces diseases (Higgins, 1927; Kamishina et al. 2010 ). There are also a few species reported where the presence or absence of the gallbladder varies by individual, such as in giraffe and a rodent species, Oxymycterus dasythrichus (Wakuri & Hori, 1970; Geise et al. 2004) . Thus, the Gb-Cd domain may have relatively high flexibility among the organs, and high evolvability, at least in mammals. It is still unclear what mechanism(s) cause(s) the evolutionary loss of gallbladder repeatedly only in avians and placental mammals. Based on previous reports, avians may lose the gallbladder by a different mechanism, because the biliary bud has been reported to exist in the pigeon embryo, which does not have a gallbladder (Scammon, 1916) . Developmental and anatomical studies of the hepatobiliary system in various organisms will help clarify this long-standing issue.
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